The effectiveness of IFN-α2b for human multiple myeloma has been variable. TRAIL has been proposed to mediate IFN-α2b apoptosis in myeloma. In this study we assessed the effects of IFN-α2b signaling on the apoptotic activity of TRAIL and human myeloma cell survival. While TRAIL was one of the most potently induced proapoptotic genes in myeloma cells following IFN-α2b treatment, less than 20% of myeloma cells underwent apoptosis. Thus, we hypothesized that an IFN-stimulated gene (ISG) with prosurvival activity might suppress TRAIL-mediated apoptosis. Consistent with this, IFN-α2b stabilized mitochondria and inhibited caspase-3 activation, which antagonized TRAIL-mediated apoptosis and cytotoxicity after 24 hours of cotreatment in cell lines and in fresh myeloma cells, an effect not evident after 72 hours. Induced expression of G1P3, an ISG with largely unknown function, was correlated with the antiapoptotic activity of IFN-α2b. Ectopically expressed G1P3 localized to mitochondria and antagonized TRAIL-mediated mitochondrial potential loss, cytochrome c release, and apoptosis, suggesting specificity of G1P3 for the intrinsic apoptosis pathway. Furthermore, RNAimediated downregulation of G1P3 restored IFN-α2b-induced apoptosis. Our data identify the direct role of a mitochondria-localized prosurvival ISG in antagonizing the effect of TRAIL. Curtailing G1P3-mediated antiapoptotic signals could improve therapies for myeloma or other malignancies.
Introduction
Interferons (IFNs) can result in apoptosis, antiangiogenic effects, and immunomodulation (1) (2) (3) . Although IFNs have been used for myeloma treatment since 1979 (1) (2) (3) (4) (5) , their benefit for myeloma patients is still debated. A review by the European Myeloma Research Network identified beneficial effects of IFNs in 3 randomized studies and no effect in 3 others (6) . Depending on experimental conditions, IFNs can either stimulate or inhibit cell survival or induce apoptosis in myeloma cells (7) (8) (9) (10) (11) . Induction of TRAIL (also known as Apo2L) has been proposed to mediate apoptosis induced by IFN-α in myeloma cells and in solid tumors (9, 12, 13) . However, an antagonizing effect for IFNs on TRAILinduced caspase-8 activation has been identified (10) . In several studies, IFN-α protected myeloma cells from dexamethasoneinduced apoptosis (7, 14) , suggesting antiapoptotic activity for IFNs in myeloma. However, molecular mechanisms for antiapoptotic effects of IFNs in malignancies have remained unclear.
To probe molecular and cellular actions of IFNs on myeloma cells, we assessed its effects on induction of IFN-stimulated genes (ISGs) and on TRAIL-induced apoptotic pathways. Depending on duration of treatment, IFN-α2b had a dual role in modulating the balance between myeloma cell survival and death. IFN-α2b for 24 hours antagonized TRAIL-induced apoptosis, but after 72 hours, it augmented the apoptotic activity of TRAIL. Because prosurvival or antiapoptotic pathways play a central role in the survival of myeloma cells (15) , we hypothesized that induction of an ISG with prosurvival activity might be antagonizing the apoptotic activity of TRAIL. Further analysis identified G1P3 (ISG 6-16) as a gene that antagonized the effects of TRAIL by inhibiting the intrinsic apoptotic pathway through mitochondrial stabilization.
Results

Marginal effects of IFN-α2b on myeloma cell viability. Effects of IFN-α2b
on myeloma cell viability were determined by treating IL-6-independent NCI-H929, RPMI 8226, and U266 cells with increasing concentrations of IFN-α2b for 24 or 72 hours. Viability assays identified no inhibitory effects of IFN-α2b after 24 hours, with marginally reduced viability after 72 hours ( Figure 1A ). Compared with NCI-H929 and U226 cells, RPMI 8226 cells were more resistant to IFN-α2b. Other IFNs, IFN-β and IFN-α1b (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI31122DS1), had a similar lack of effects; the ED 50 for IFNs could not be defined under these conditions. To test whether the marginal effects of IFN-α2b on myeloma cell viability resulted from lack of efficient signaling, the kinetics of Stat1 phosphorylation, a critical downstream target of IFNs, was assessed in RPMI 8226 and U266 cell lines ( Figure 1B ). Immunoblotting with an anti-phospho-Stat1 antibody identified increased Stat1 phosphorylation within 0.5 hours of IFN-α2b, which was lost as treatment duration progressed (compare lanes 2, 4, and 6). Reprobing with an anti-Stat1 antibody detected an equal amount of Stat1 in each lane, confirming that the difference in phosphorylated Stat1 was not due to an increase in Stat1 ( Figure 1B ).
Since IFNs manifest their actions through ISGs, the effect of IFN-α2b on global gene expression in myeloma cells was investigated by Affymetrix oligonucleotide array. RPMI 8226 cells were treated with IFN-α2b (250 IU/ml for 18 or 72 hours) for profiling of early and late effects on gene expression; the number and magnitude of gene induction were higher after 18 hours ( Figure 1C and Table 1 ). The subcellular localization and putative function of genes with substantial change in expression were assessed (Table 1 ). All 18 genes upregulated by greater than 25-fold were previously identified ISGs. In RPMI 8226 and U266 cells, IFN-α2b significantly induced expression of Stat1, phospholipase scramblase R1 (PLSCR1), ISG15, and G1P3 ( Figure 1D ). Additionally, after IFN-α2b treatment, mRNA levels of IFITM1, XAF1, G1P3, and TRAIL were significantly increased in RPMI 8226 cells and in fresh myeloma cells (Table 2) . Similar results were obtained with U266 cells and with other isoforms of IFNs (IFN-α1b and IFN-β) (data not shown). These results suggested that IFN signaling was intact in myeloma cells and IFNs marginal inhibitory effects on viability were not due to a lack of signaling.
IFN-α2b antagonized apoptosis induced by TRAIL in myeloma cell lines. Real-time RT-PCR in RPMI 8226 cells identified substantial induction of XAF1 (122.2-fold) and TRAIL (131.4-fold), 2 known proapoptotic ISGs. However, lack of a corresponding decrease in cell viability suggested that RPMI 8226 cells were either not responding to the cytotoxic effects of TRAIL or that IFN-α2b was inhibiting TRAIL-induced cell death. Apoptosis of cells left untreated or
Figure 1
Effects of IFN-α2b on myeloma cell viability and cell signaling. (A) Effect of IFN-α2b on myeloma cell viability. NCI-H929, RPMI 8226, and U266 cells were treated with increasing concentrations of IFN-α2b for 24 or 72 hours. Graphs represent viability assay results from 3 independent experiments done with 6 replicates. Each point in the graph represents mean ± SEM. Student's t test analysis showed P < 0.0001 for each cell line at all IFN-α2b concentrations compared with control. (B) IFN-α2b-induced Stat1 tyrosine phosphorylation. RPMI 8226 and U266 cells were left untreated or were treated with IFN-α2b (250 IU/ml) for 0.5, 1, and 2 hours. Immunoblotting with an anti-phospho-Stat1 antibody identified increased Stat1 phosphorylation. Reprobing with an anti-Stat1 antibody confirmed equal amounts of Stat1. (C) Effects of IFN-α2b on global gene expression in RPMI 8226 cells. RNA isolated from RPMI 8226 cells left untreated or treated with IFN-α2b (250 IU/ml) for 18 or 72 hours was subjected to microarray analysis. (D) IFN-α2b induced ISGs in RPMI 8226 and U266 cells. Cells were left untreated or treated with 250 IU/ml of IFN-α2b for 24 hours, and 40 μg of total protein was analyzed by Western blotting with Stat1-, PLSCR1-, p15-, and G1P3-specific antibodies. β-Actin levels were assessed as controls. treated with TRAIL (25 ng/ml) or IFN-α2b (250 IU/ml) alone or in combination was determined after 24 or 72 hours. IFN-α2b alone did not induce apoptosis after 24 hours but increased the percentage of cells undergoing apoptosis from 1.2% to 18.7% after 72 hours (Figure 2A ). Under the same conditions, TRAIL markedly increased apoptosis from 0.3% to 46.8% after 24 hours and 1.2% to 11.1% after 72 hours (Figure 2A) . Consistent with the hypothesis that an ISG might be inhibiting apoptosis, IFN-α2b cotreatment for 24 hours markedly reduced TRAIL apoptosis (from 46.8% to 13.2%). However, this early antagonistic effect was lost after 72 hours, and IFN-α2b additively increased apoptosis by TRAIL from 11.1% to 30.1% (Figure 2A ). Consistent with this, IFN-α2b also antagonized the inhibitory effect of TRAIL on myeloma cell viability at 24 hours but not at 72 hours (Supplemental Figure 1C) .
Results of TUNEL assays were confirmed by assessing PARP, MST1, and DFF-45A cleavage. IFN-α2b alone did not induce cleavage of any of these molecular parameters of apoptosis ( Figure 2B ). However, TRAIL induced their cleavage by 6 hours, an effect that continued to 24 hours ( Figure 2B ). Cotreatment with IFN-α2b and TRAIL for 24 hours substantially inhibited PARP, MST1, and DFF-45A cleavage ( Figure 2B ). Downregulation of TRAIL receptors (TRAIL R1/DR4 and TRAIL R2/DR5) or upregulation of its decoy receptors (DcR1 and DcR2) could explain the antagonizing effects of IFNs on TRAIL. However, expression of TRAIL receptor RNAs and proteins in IFN-α2b-treated, TRAIL-treated, or cotreated cells was unaltered (Supplemental Figure 2 , A and B). In contrast, IFN-α2b alone induced TRAIL mRNA by 100-fold and the combination by 131-fold (Supplemental Figure 2A) , suggesting that the effect of IFN-α2b was not due to downregulation of TRAIL.
IFN-α2b antagonized activation of caspase 3 induced by TRAIL. Since PARP, MST1, and DFF45-A are caspase-3 substrates (16, 17) , effects of IFN-α2b on TRAIL-induced caspase activities were assessed in kinetic experiments. Although IFN-α2b did not induce either procaspase-8 or procaspase-3 cleavage before 20 hours, TRAIL initiated their cleavage after 1 hour ( Figure 3A) . Maximal cleavage of procaspase-3 occurred after 3 hours (compare lanes 3, 7, 11, and 15), with the levels of the smallest caspase-3 cleaved product (10 kDa) highest after 6 hours. The cleavage of procaspase-3 continued after 20 hours (compare lanes 3 and 16). Although IFN-α2b cotreatment slightly reduced the intensity of the 23-kDa cleaved caspase-8 product after 3 and 6 hours (compare lanes 11 and 12), its antagonizing effect on TRAIL-induced cleavage of procaspase-3 was more pronounced at 6 hours (compare lanes 12 and 11), with delayed formation of the more active species of caspase 3 (17 kDa and 10 kDa) (18) .
Caspase-Glo 8 and Caspase-Glo 3/7 assays confirmed results of caspase cleavage assays. Maximal increase in caspase 8 activity, a 3.7-fold increase over control, was observed 3 hours after TRAIL treatment (Supplemental Figure 3) . TRAIL increased caspase-3 activity by 4.1-fold after 3 hours and further increased it to 5.4-fold after 6 hours (Supplemental Figure 3) . Although IFN-α2b did not alter TRAIL-induced caspase-8 activity (3.7-fold by TRAIL and 3.0-fold by TRAIL plus IFN-α2b), a marked reduction in caspase-3 activity occurred after 6 hours of cotreatment (5.4-fold by TRAIL alone and 3.4-fold by TRAIL plus IFN-α2b). These results demonstrated a greater inhibitory effect of IFN-α2b on caspase-3 activity than on caspase-8 activity.
Mitochondrial membrane potential (ΔΨ) has a critical role in caspase-3 activation by regulating release of cytochrome c into the cytoplasm (19) . In the cytoplasm, caspase-9 activation by cytochrome c-Apaf1 complex results in activation of caspase-3 (20, 21) . Incubation of untreated or 24-hour IFN-α2b-treated cells with tetramethyl rhodamine methyl ester (TMRM), a probe used for measuring ΔΨ, resulted in higher fluorescence intensity (right shift on x axis) ( Figure 3B ). In apoptotic cells, where ΔΨ was lost, TMRM should result in lower fluorescence; 24-hour treatment with TRAIL lowered the ΔΨ in 73% of cells. However, IFN-α2b cotreatment for 24 hours reduced the percentage of cells with low ΔΨ from 73% to 56.1% ( Figure 3B ), suggesting a mitochondrial stabilizing effect for IFN-α2b. As treatment duration progressed to 72 hours, IFN-α2b alone lowered the ΔΨ of 41.6% of cells ( Figure 3B , bottom row), which was further increased to 80.3% in combination with TRAIL ( Figure 3B ).
The effects of prolonged treatment with IFN-α2b on intrinsic and extrinsic apoptosis signaling in RPMI 8226 cells were investigated by assessing cleavage of caspase-8, caspase-3, and PARP after 72 hours of treatment. IFN-α2b slightly increased the cleavage of caspase-8, caspase-3, and PARP ( Figure 3C , lane 2). More importantly, as in early time points, it did not antagonize TRAIL-induced cleavage of either caspase-3 or PARP but enhanced cleavage of caspase-8, caspase-3, and PARP ( Figure 3C ).
IFN-α2b antagonized reduction of fresh myeloma cell viability and ΔΨ induced by TRAIL. The effects of IFN-α2b
and TRAIL on the viability of fresh myeloma cells were studied in mononuclear cells (MNCs) isolated from 6 myeloma patients. One-way repeated-measures ANOVA followed by pairwise multiple comparison using the Holm-Sidak method for different treatments showed that IFN-α2b had no marked effect on CD138 + cell viability either at 62.5 or 250 IU/ml after 24 hours (Table 3) . However, TRAIL significantly reduced the CD138 + cell viability from 100% (control) to 76.20% (P < 0.001). As in cell lines, IFN-α2b antagonized the effect of TRAIL on fresh myeloma cells during this time. Compared with TRAIL alone, combination treatment with either 62.5 IU/ml or 250 IU/ml of IFN-α2b resulted in 101.32% (P < 0.001) or 94.33% (P < 0.001) viable CD138 + cells, respectively.
To test whether IFN-α2b mediates its antagonizing effects on TRAIL in fresh myeloma cells by preserving their mitochondrial stability, we assessed ΔΨ of CD138 + cells enriched to greater than 85% from 2 patients. Compared with untreated cells, TRAIL decreased the ΔΨ of CD138 + cells from 8.98% to 23.94% in sample 1 and 13.86% to 25.35% in sample 2 ( Figure 4A ). Although IFN-α2b alone did not affect ΔΨ, it antagonized TRAIL-induced loss of ΔΨ, resulting in 5.12% (sample 1) and 11.76% (sample 2) cells with low ΔΨ ( Figure 4A ).
As in cell lines, IFN-α2b markedly increased the expression of ISGs including G1P3 in fresh myeloma cells ( Figure 4B ). Since G1P3 was highly induced both in cell lines and in fresh myeloma cells and has a putative mitochondrial localization sequence in its N terminal, the role of G1P3 in mediating IFN-α2b's antagonistic effect on apoptosis was investigated. 
Constitutively expressed G1P3 localized into mitochondria in RPMI 8226 cells. Time course experiments in RPMI 8226 cells revealed that
IFN-α2b induced higher expression of G1P3 protein at 24 hours than at 48 and 72 hours ( Figure 5A ), a finding correlated temporally with lower apoptosis and preservation of ΔΨ. If IFN-α2b-induced G1P3 protected myeloma cells from apoptosis through stabilized mitochondria, then constitutive expression of G1P3 was postulated to induce resistance. Hence, overexpression studies were carried out. Sequences of 12 clones selected during cDNA cloning were aligned with the shortest isoform of the splice variant G1P3a (data not shown; GenBank accession number NM_002038.3), suggesting that G1P3a was the major G1P3 isoform induced by IFNα2b in RPMI 8226 cells. G1P3a cDNA was subcloned 3ʹ to a His affinity tag (HAT) sequence in a pQCXIP vector ( Figure 5B ). RPMI 8226 cells were transduced with either empty vector (pQCXIP), Hat expression vector (HAT), or Hat-G1P3 fusion expression vector (HAT-G1P3), and single-cell clones were isolated. RT-PCR with HAT and G1P3 primers showed the expected 397-bp HAT-G1P3 amplicon in 7 of 8 clones (data not shown).
Real-time RT-PCR identified the highest expression of G1P3 in clone 17 (1,283-fold), followed by clones 7 (912-fold) and 5 (219-fold) (Supplemental Figure 4A) . Since a difference in expression of TRAIL receptors or TRAIL could influence sensitivity of G1P3 clones to TRAIL or IFNs, HAT and HAT-G1P3 clones with similar levels of TRAIL receptors and TRAIL were identified (Supplemental Figure 4B ). HAT-G1P3 clone 5 was selected for functional studies because it had a G1P3 expression level similar to that of IFN-treated cells ( Figure 5C and Supplemental Figure 4B ) and had levels of TRAIL receptors similar to those of the vector-transduced cells ( Figure 5D ). Immunoblotting with a purified anti-G1P3 antibody recognized a 17-kDa and a 13-kDa band in whole-cell extracts (WCEs) of clone 5 ( Figure 5C ). The 13-kDa band comigrated with G1P3 in IFN-α2b-treated cells (positive control), and both bands were absent in the HAT clone.
Subcellular localization of G1P3 was examined by assessing G1P3 distribution in pQCXIP, HAT, and HAT-G1P3 cell fractions ( Figure 5E ). Anti-G1P3 antibody did not recognize any specific bands in cytoplasmic fractions. However, G1P3-specific 17-kDa and 13-kDa bands were detected only in the mitochondrial fractions of HAT-G1P3 cells ( Figure 5E, lane 5) . Reprobing of the blots with cytochrome c oxidase IV (Cox IV, a marker for mitochondria) and β-actin antibodies detected most of the Cox IV in the mitochondrial fraction and β-actin in the cytoplasmic fraction, indicating purity of subcellular fractions ( Figure 5E ).
Constitutively expressed G1P3 preserved ΔΨ and antagonized TRAILmediated caspase-3 activation. To determine whether ectopic expres- 
Ectopic expression of G1P3 conferred resistance to cytotoxic and apoptotic activity of TRAIL in myeloma cells. HAT and HAT-G1P3
cells were compared to determine the effect of G1P3 on TRAILinduced apoptosis. TRAIL (50 ng/ml) treatment for 24 hours markedly increased apoptosis (from 4% to 77.5%) of HAT cells, and higher concentrations (100 ng/ml) resulted in a further
Figure 4
Effects of IFN-α2b, TRAIL, and both in combination on the ΔΨ of fresh myeloma cells enriched from bone marrow aspirates. (A) CD138 + cells (>85% enriched) from bone marrow aspirates of 2 patients were subjected to IFN-α2b (250 IU/ml), TRAIL (400 ng/ml), or both in combination for 24 hours, and ΔΨ was assessed using a TMRM reagent. (B) IFN-α2b induced ISGs in fresh myeloma cells. Fresh myeloma cells were left untreated or treated with 250 IU/ml of IFN-α2b for 24 hours, and 30 μg of total protein was analyzed by Western blotting with Stat1-, PLSCR1-, p15-, and G1P3-specific antibodies. β-Actin levels were assessed as controls. increase to 93.6% ( Figure 7A ). HAT-G1P3 cells were resistant to TRAIL-induced apoptosis. Although 100 ng/ml of TRAIL did cause a slight increase in apoptosis of HAT-G1P3 cells at 24 hours (16.3%) and 48 hours (4.2%) ( Figure 7A ), it was markedly lower than that of HAT cells.
To assess effects of G1P3 on mitochondria-independent cell death, the sensitivity of HAT and HAT-G1P3 cells to bortezomib, an agent that causes cell death primarily by inhibiting 26S proteasome, was quantified. As expected, G1P3-overexpressing cells were resistant to TRAIL ( Figure 7B ) and IFN-α2b ( Figure 7C ). In contrast, bortezomib had similar ED 50 in both HAT and HAT-G1P3 cells (Figure 7D ), suggesting that G1P3 overexpression was specific for cell death pathways wherein mitochondrial perturbation has a major role.
Downregulation of G1P3 sensitized myeloma cells to IFN-α2b-induced apoptosis.
To test whether downregulation of G1P3 will sensitize myeloma cells to IFN-α2b, RNAi studies were conducted. Since very high transfection efficiency could be achieved in U266 cells (72% GFP-positive cells compared with 16% in RPMI 8226 cells; data not shown), this cell line was used for these experiments. Compared with control RNAi, G1P3-specific RNAi markedly downregulated IFN-α2b-induced expression of G1P3 protein ( Figure 8A ) and mRNA (data not shown), but not the induction of an unrelated ISG, ISG 15 ( Figure 8A ). Under these conditions, G1P3 downregulation increased the percentage of TUNEL-positive cells in untreated cells (0.74% to 4.08%) and in IFN-α2b-treated cells (11.39% to 40.29%) ( Figure 8B ). Consistent with this, siG1P3-transfected cells were more sensitive to IFN-α2b in viability assays ( Figure 8C ).
Discussion
While myeloma is considered a disease of deregulated proliferation, increased survival of malignant plasma cells may be more important for early expansion and accumulation of mutant plasma cells (22) . Low labeling indices (<1%) of myeloma cells in early stages of disease support this hypothesis (23) . During early stages of disease, incipient myeloma cells in germinal centers may accumulate genetic changes that suppress apoptosis, leading to gross chromosomal abnormalities and aneuploidy (24, 25) . Because of this central role of prosurvival pathways in myelomagenesis, delineation of the molecular mechanisms that regulate these processes could result in design of therapies targeting them.
IFN-α2b had a dual effect on myeloma cell viability; early antiapoptotic and late proapoptotic effects ( Figure 1A ). Despite robust signaling and induction of proapoptotic genes such as TRAIL and XAF1 (26) , less than 20% of myeloma cells underwent apoptosis ( Figure 1B and Figure 2A and Tables 1 and 2 ). These observations led to the hypothesis that an ISG with prosurvival activity might be antagonizing apoptotic activity of TRAIL. Consistent with this, at early time points (24-36 hours), IFN-α2b opposed the inhibitory effects of TRAIL on the viability of cell lines or fresh myeloma cells from 6 patients (Table 3 and Supplemental Figure 1C) . TRAIL can initiate both intrinsic and extrinsic apoptotic pathways that converge on effector caspases (caspase-3 or -7) to induce cell death (27, 28) . In many cell types, a mitochondria-dependent signal amplification loop (intrinsic apoptotic pathway) is necessary for efficient cell death (20) . At early time points, IFN-α2b antagonized TRAIL-induced intrinsic apoptosis by preserving the mitochondrial integrity of myeloma cells (Figure 3 , A and B, Figure 4A , and Supplemental Figure 3) . However, these antiapoptotic effects were not evident after 72 hours of cotreatment.
Expression levels of G1P3, an ISG with a putative mitochondrial localization sequence, correlated with the antiapoptotic effects of IFN-α2b ( Figure 4B and Figure 5A ). Constitutive retroviral expression of G1P3 in RPMI 8226 cells suppressed TRAIL-induced intrinsic apoptosis. Consistent with these findings, RNAi-mediated downregulation of G1P3 sensitized myeloma cells to IFN-α2b-induced apoptosis ( Figure 8B) . Similarly, knockdown of G1P3 augmented apoptotic activity of IFNs in melanoma cells (data not shown). These results suggest that G1P3 might be crucial for mediating the antagonistic effect of IFNs on apoptosis. Constitutively expressing G1P3 made RPMI 8226 cells resistant not only to TRAIL but also to late (72-96 hours) viability inhibition effects of IFN-α2b ( Figure 7 , B and C). Equal sensitivity of control and G1P3-overexpressing cells to the proteasome inhibitor bortezomib together with the ability of G1P3 to preserve mitochondrial stability suggested its specificity in cell death pathways involving mitochondria rather than proteasomes.
G1P3 (ISG 6-16) was one of the first identified ISGs and belongs to the FAM14 family of proteins that include FAM 14A, -B, and -C and IFI 27 (29, 30) . G1P3 was potently induced by IFN-α2b not only in myeloma cell lines but also in fresh myeloma cells and has an approximate molecular weight of 13-14 kDa ( Figure 1D and Figure 4B ). Addition of a 35-amino-acid HAT sequence increased the molecular weight of recombinant G1P3 to approximately 17 kDa in untreated cell lysates, validating its molecular weight ( Figure 5B ). Although constitutively expressed G1P3 localized in mitochondria ( Figure 5D ), whether the putative N-terminal mitochondrial localization sequence was indispensable for its mitochondrial targeting was not evaluated.
G1P3 was the first non-BH3-containing mitochondria-targeted ISG that could suppress apoptosis. Although several mitochondrial targeted proteins have been proposed to mediate the cellular apoptotic response to IFNs (31, 32) , IFN-α2b (<500 IU/ml) had a minimal effect on their expression in myeloma cells (data not shown), which is consistent with a recent report (33) .
Unlike in cancer cells, the antiapoptotic activity of G1P3 may have a beneficial effect on IFN-mediated antiviral and innate immune responses. During viral infection, delaying early apoptosis through survival factor induction would be a viable cellular strategy to protect surrounding healthy cells from viral infection, enhancing IFN secretion, and overcoming proapoptotic activity of cytokines released into the surrounding milieu (34) (35) (36) . Similarly, antiapoptotic pathways operating in immune cells play a critical role in overcoming activation-induced cell death to maintain the balance of immune response (36) . Mitochondria play a critical role in eliciting antiviral response by serving as a docking site for adaptor protein complexes that are essential for IFN induction (37), suggesting a need for a stable mitochondrion that might be achieved by G1P3 induction.
On gene expression arrays, G1P3 was identified as constitutively upregulated in breast cancer (38, 39) . Compared with primary mammary epithelial cells, G1P3 mRNA and protein were markedly increased in breast cancer cell lines (data not shown). G1P3 has also been identified recently as a constitutive protein expressed at high levels in immortalized cells and in a gastrointestinal tumor cell line, TMK1, resistant to chemotherapy-induced apoptosis (40) . Additionally, low passage number melanoma cell cultures with higher levels of induced G1P3 were less sensitive to the antiproliferative effects of IFN-β (data not shown).
Besides IFNs, TRAIL can induce G1P3 mRNA in tumor cells (41) . Introduction of recombinant TRAIL and its receptor agonist antibodies into clinical trials emphasizes the need for further investigation of G1P3. Compared with cell lines, TRAIL was less effective in inhibiting the viability of fresh myeloma cells (Table 3; refs. 42, 43) . Lack of detection of G1P3 protein at the basal level in fresh myeloma cells suggests that signals other than G1P3 may be critical in eliciting survival advantages in these cells ( Figure 4B ). Under these conditions, IFN-α2b induced the expression of G1P3 and antagonized the effects of TRAIL on fresh myeloma cell viability ( Figure 4B and Table 3 ), suggesting that either the deregulated or the induced expression of G1P3 could lead to apoptosis resistance in tumor cells. Therefore, the current findings may provide an explanation for discrepant reports of effectiveness of IFN-α2b in myeloma (6) . Better characterization of G1P3 could provide new insights into the role of G1P3 survival pathways in myeloma or other malignancies and induction of resistance to various therapeutic modalities.
Methods
Cell lines. Human multiple myeloma cell lines (HMCLs) RPMI 8226, U266
, and NCI-H929 were purchased from ATCC and propagated in recommended media.
Reagents and antibodies. Recombinant IFN-α2b purified to homogeneity (Schering-Plough) had a specific activity of 2.6 × 10 8 IU/mg of protein. TRAIL was obtained from PeproTech. Caspase-8, caspase-3, Cox IV, and MST1 antibodies were from Cell Signaling Technology. Other antibodies and their sources (in parentheses) are as follows; anti-phospholipase scramblase (a kind gift from B. Dong, The Cleveland Clinic), anti-G1P3 (a kind gift from H. Tahara, The Hiroshima University, Hiroshima, Japan), anti-Stat1 (BD Biosciences), anti-phospho-Stat1 (Tyr 701; Upstate), anti-DFF45A (BD Biosciences), anti-PARP (BIOMOL), anti-β-actin (SigmaAldrich), and monoclonal anti-ISG15 antibody (44) .
Viability assays. HMCLs were seeded in 96-well plates at a concentration of 4 × 10 5 cells/ml and incubated for 24-96 hours with various concentrations of IFN-α2b or TRAIL (6 × 150 μl replicates at each concentration). At the end of incubation, viability was measured either by Alamar blue assay (Invitrogen) or by WST1 reagent (Roche Applied Science) according to the manufacturers' protocol using a 96-well plate reader (Fisher Scientific). The IC50 was calculated by nonlinear regression analysis after converting the drug concentrations into log-X using Prism 4.0 software (GraphPad Software Inc.).
Fresh myeloma cell isolation and viability measurement. Bone marrow aspirates were collected from multiple myeloma patients after appropriate consent was obtained as per The Cleveland Clinic institutional guidelines. The MNC fraction was isolated by density gradient centrifugation in lymphocyte separation media (Cellgro) as per the manufacturer's instructions. MNCs (1 × 10 5 )
Figure 7
Effects of G1P3 overexpression on TRAIL-, IFN-α2b-, and proteasome inhibitor-induced cell death. (A) G1P3-overexpressing cells were resistant to TRAIL-induced apoptosis. HAT or HAT-G1P3 cells were left untreated or treated with TRAIL (50 or 100 ng/ml), and the percentage of cells undergoing apoptosis was assessed after 24 or 48 hours. Similar results were obtained in 2 other experiments. G1P3-overexpressing cells were resistant to TRAIL (B) and IFN-α2b (C) but not to bortezomib (D). HAT or HAT-G1P3 cells were treated with increasing concentrations of TRAIL for 96 hours or bortezomib for 72 hours. ED50 was calculated using nonlinear regression analysis using Prism 4.0 software. Graph represents nonlinear regression analysis results from 1 of 2 independent experiments. Each point on the graph is mean ± SD of 6 replicates. conc, concentration.
were then left untreated or treated with IFN-α2b (62.5 IU/ml or 250 IU/ml), TRAIL (400 ng/ml), or both in combination for 24 hours. The percentage of dead or viable primary tumor cells in untreated control and treatment groups was determined by staining for 15 minutes at room temperature with 7AAD (BD Biosciences) and FITC-conjugated CD138 antibody (Diaclone Research), followed by flow cytometry. The relative percentage of CD138 + cells in treatment groups with respect to untreated cultures was calculated.
CD138 + cells were enriched from MNCs using microbeads conjugated with an anti-CD138 antibody and MACS column (Miltenyi Biotec) according to the manufacturer's protocol. The purity of the cells was assessed by flow cytometry using a PE-conjugated CD138 antibody with a PE-conjugated IgG as isotype control.
Mitochondrial fractionation and potential measurement. Cytosolic and mitochondrial fractions for Western blots were prepared from 1 × 10 7 cells by differential centrifugation using a mitochondrial isolation kit for cultured cells according to manufacturer's instructions (Pierce). For measuring ΔΨ, enriched CD138 + cells (>85% pure) or RPMI 8226 cells were harvested and resuspended in 1 nM TMRM dye for 10 minutes at room temperature in the dark. The shift in TMRM intensity was measured by flow cytometry with a Epics XL-MCL flow cytometer (Beckman Coulter Inc.), and FCS EXPRESS 2.0 software (De Novo Software) was used for data analysis.
Apoptosis and caspase activity assays and PARP cleavage. TUNEL assay was performed as described previously (12) . Caspase-3/7 or caspase-8 activity in cells treated with IFN-α2b, TRAIL, or both in combination was measured by caspase-Glo assay reagent (Promega) according to the manufacturer's instructions. Luminescence of caspase-Glo reaction was measured using a 96-well luminometer (VICTOR 1420 multilabel counter; Wallac Instruments). Untreated or treated cells were lysed in the buffer (62.5 mM Tris-HCl, 10% glycerol, 6 M urea, and 5% β-mercaptoethanol) and immunoblotted with monoclonal anti-PARP antibody (BIOMOL).
Immunoblot analysis. WCEs were made by lysing 1 × 10 6 treated or untreated cells with RIPA buffer (Sigma-Aldrich) containing 1× protease inhibitor cocktail (Calbiochem). WCE (10-40) μg was subjected to immunoblot analysis as described previously (12) .
RNA isolation, cDNA synthesis, and real-time RT-PCR. RNA was isolated using SV Total RNA Isolation System (Promega), and cDNA was prepared with Mo-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. Taqman expression primers and ABI PRISM Sequence Detection Instrument 7500 (Applied Biosystems) were used for real-time RT-PCR. Fold change in target genes was calculated relative to human GAPDH.
cDNA cloning and ectopic expression of G1P3. G1P3 cDNA was amplified from RNA of IFN-α2b-treated (250 IU/ml) RPMI 8226 cells by nested PCR with 5ʹ-GTCGACGGATCCATGCGGCAGAAG-3ʹ (G1P3-BamH1.F) as forward, 5ʹ-CTAGCGAGACCTACTCCTCATCCTCCTCACTA-3ʹ(G1P3-Bsa1.R) and 5ʹ-GTGAATTCGCGGCCGCAAGCTTAGTTAGATCTAGCGAGACCT-3ʹ (G1P3.EcoR1.R) as reverse primers. The amplicon was subcloned into BamH1 and EcoR1 in pHAT10 vector (BD Biosciences - Clontech) to generate the HAT-G1P3 fusion construct. The entire HAT-G1P3 open reading frame was sequence verified and then subcloned into Age1 and EcoR1 sites of pQCXIP retroviral expression vector (BD Biosciences - Clontech). HAT at N-terminal and putative structural elements was derived from primary amino acid sequence analysis with protean software (Lasergene Inc.; DNA-STAR). The pantropic virion production and RPMI 8226 cell transduction were performed using Calphos Mammalian Transfection kit (BD Biosciences - Clontech) according to the manufacturer's protocol. Single-cell clones were isolated with puromycin (1 μg/ml) selection. The HAT clones were screened by RT-PCR using 5ʹ-GCTATGACCATGATTACGCCA-3ʹ (HAT.F) and 5ʹ-AAGTCGACGGATCCATGCGGC-3ʹ (HAT.R) primers, and HAT-G1P3 clones were screened with HAT.F and G1P3-Bsa1.R primers. Highexpressing HAT or HAT-G1P3 clones were identified by real-time RT-PCR with a G1P3-specific Taqman probe (Applied Biosystems).
Stealth RNAi. For downregulation of G1P3 expression, U266 cells were transfected using Amaxa transfection system (Amaxa Biosystems) with 20 nM of G1P3 specific stealth RNAi (5ʹ-GGCAGCAGCGUCGUCAUAG-GUAAUA-3ʹ) or a scrambled RNAi sequence (5ʹ-GGCCAGCGUCGUC-CAUAGGUAAGAUA-3ʹ).
Microarray analysis. Microarray analysis was performed using Affymetrix human genome U133A array as described previously (45) . The microarray scanned image and intensity files (.cel files) were imported into Rosetta
Figure 8
Downregulation of G1P3 sensitized myeloma cells to apoptosis and antiviability effects of IFN-α2b. (A) Stealth RNAi against G1P3 downregulated IFN-α2b-induced G1P3 expression. U266 cells were transfected with either a scrambled stealth RNAi (siControl) or a G1P3 stealth RNAi (siG1P3). Sixteen hours after transfection, cells were treated with 250 IU/ml IFN-α2b for 24 hours, and 30 μg WCEs from untreated and treated cells were immunoblotted to assess G1P3 expression. (B) G1P3 downregulation sensitized myeloma cells to IFN-α2b-induced apoptosis. Forty-eight hours after IFN-α2b treatment, the percentage of cells undergoing apoptosis was measured by TUNEL assay as in Figure 2A . Similar results were obtained in 2 other experiments. (C) G1P3 downregulation augmented the antiviability activity of IFN-α2b. Viability of cells transfected with RNAi followed by IFN-α2b treatment for 48 hour was measured by Alamar blue assay. Each bar in the graph represents mean ± SEM of 3 independent experiments done in triplicate.
Resolver gene expression analysis software version 3.2 (Rosetta Inpharmatics). Error models were applied, and ratios were built for each treatment array versus its respective vehicle control.
Statistics. Two-tailed Student's t test and 1-way repeated-measures ANOVA followed by all pairwise multiple comparison procedures (Holmes-Sidak method) were performed using SigmaStat 3.5 software, and a P value of less than 0.05 was considered significant.
